In this paper, the Routh criterion has been used to analyze the stability of a self-excited induction generator-based isolated system which is regarded as an autonomous system. Special focus has been given to the load capacity of the self-excited induction generator. The state matrix of self-excited induction generators with resistor-inductor load has been established based on transient equivalent circuits in the stator stationary reference-frame. The recursive Routh table of self-excited induction generators is established by the characteristic polynomial coefficients of the state matrix. According to the Routh stability criterion, the necessary and sufficient condition to predict the critical loads of self-excited induction generators is deduced, from which the critical load impedance can be calculated. A simple self-excited induction generator-based isolated power system has been built up with a 2.2 kW self-excited induction generator. The theoretical analysis and experiments were all carried out based on this platform. In the range determined by the minimum excitation capacitance (C min ) and the maximum excitation capacitance (C max ), the critical loads under various power factors have been calculated. The agreement of the calculated theoretical results and experimental results demonstrate the effectiveness and accuracy of the proposed analysis method. The conclusions achieved lay a foundation for further application of Routh stability criterion in self-excited induction generator-based power systems analysis.
Introduction
Self-excited induction generators have been widely used in renewable energy systems, such as wind power generation [1] [2] [3] [4] [5] , as well as in isolated power systems, such as ships, aircrafts, and drilling platforms [6] [7] [8] [9] , due to their advantages of simplicity, robustness, low-cost, high reliability, no external excitation, and convenient maintenance. With rapid development of renewable and stand-alone energy generation systems, a lot of research has been carried out relating to self-excited induction generators. For instance, the calculation of required capacitance for self-excited induction generators' self-excitation [10, 11] , the analysis of various transient processes [12] [13] [14] , and the analysis of self-excited induction generators' feeding single-phase load [15] [16] [17] .
The main drawback of self-excited induction generators is their inherent poor voltage regulation capability, which is the limiting factor for their wide use [18] . Relevant research has been done on the voltage and frequency control of self-excited induction generators and some achievements have been obtained [19] [20] [21] [22] .
In [23] , an advanced static synchronous compensator used for the control of self-excited induction generator-feeding random loads was constructed based on the relative rotational speed relationship. The controller was illustrated to eliminate the stator voltage fluctuation due to random load variations and guarantee the effective regulation in generator speed and mechanical power. An isolated self-excited induction generator-static synchronous compensator system feeding dynamic and static loads was analyzed in [24] . The research showed that the proposed system could efficiently provide electric power with either a balanced or unbalanced load. In [25] , an improved direct voltage control strategy was proposed for the control of terminal voltage and frequency of a stand-alone wind-driven self-excited induction generator with variable loads. The strategy was verified to have a fast dynamic response and can effectively control the generated voltage with low harmonic distortions under different linear or nonlinear loads.
From the previous research, it can be seen that all the voltage and frequency controls take the load into account. The characteristics of load affect the feasibility and effectiveness of the control strategy.
For self-excited induction generator-based power systems, no matter what voltage control strategy is adopted, there is a corresponding maximum load called the critical load beyond which the control system will not be able to control the voltage, which will collapse as a result. With the development and wider application of self-excited induction generator-based isolated power systems, higher requirements are put forward for its power supply reliability. Therefore, the analysis of the critical load of self-excited induction generators should be paid more attention to for its effect on voltage control. However, until now, there has been almost no literature on the load capacity of self-excited induction generators.
This paper investigates the load capacity of self-excited induction generators. From the definition of autonomous system [26] , the self-excited induction generator linearized at the operating point is a linear time-invariant autonomous system. Therefore, the method of analyzing the autonomous system in system control theory can be used in the analysis of self-excited induction generators.
The Routh criterion is a method to determine system stability based on characteristic polynomial coefficients. Its distinct advantage is that it does not need to solve differential equations. Furthermore, the Routh criterion can be used to not only determine system stability but also check the stability margin. As an effective method in stability analysis, the Routh criterion has been used in various engineering systems [27] [28] [29] [30] . In this paper, based on the transient equivalent circuits, the Routh criterion is used to analyze the load capacity of self-excited induction generators.
In a self-excited induction generator-based isolated power system, the excitation part can use the excitation capacitor or electronic equipment such as Static Var Compensators or a Static Synchronous Compensator. The function of electronic equipment is more powerful and effective. However, in many applications where reliability or cost is a major concern, the capacitor bank is widely used. The capacitor bank has a simple structure and is easy to use, low-cost, and robust which avoids complex controls and potential reliability issues of electronics devices, so they are preferred in a range of applications as in ships, drilling platforms, and renewable applications. The focus of this paper is on the feasibility of using the Routh criterion to analyze the self-excited induction generator-based isolated power system. As such, the excitation capacitor is chosen to provide the reactive current for the system.
The main contribution of this paper is the establishment of the model of self-excited induction generators for stability analysis using the Routh criterion. The feasibility of applying the Routh criterion to stability analysis of self-excited induction generators is verified by the analysis of load capacity. All the work lays a foundation for further application of the Routh stability criterion in analysis of self-excited induction generators. This paper is organized as follows: Firstly, a simple self-excited induction generator-based isolated power system is built. The state matrix of self-excited induction generators is derived from its transient equivalent circuits (Section 2). Secondly, a brief description of how to construct a recursive Routh table is introduced. Then according to the characteristics of the system with critical load, the Routh criterion for calculating critical load is obtained (Section 3). Thirdly, the Routh criterion is used to predict the critical load of the self-excited induction generator (Section 4). Finally, experiments are carried out on the given system to validate the calculations and verify the correctness of the analysis (Section 5). The experimental results demonstrate the feasibility of employing the Routh criterion to analyze the behavior of self-excited induction generators, and the conclusions are presented in Section 6. Figure 1 shows a simple self-excited induction generator-based isolated power system. The system has been built up with a 2.2 kW, Y connection, 380 V, 5 A, 50 Hz, and 4 poles self-excited induction generator which is driven by a DC motor model zft132. Both theoretical analysis and experiments are carried out on the basis of this system. employing the Routh criterion to analyze the behavior of self-excited induction generators, and the conclusions are presented in Section 6. Figure 1 shows a simple self-excited induction generator-based isolated power system. The system has been built up with a 2.2 kW, Y connection, 380 V, 5 A, 50 Hz, and 4 poles self-excited induction generator which is driven by a DC motor model zft132. Both theoretical analysis and experiments are carried out on the basis of this system. The analysis of the self-excited induction generator with load is based on the transient equivalent circuit. The mutual inductance between stator and rotor is time-varying in Cartesian coordinates, due to the fact that it is a function of rotor speed. Therefore, the Clarke transform is applied to eliminate the time variation of mutual inductance in transient analysis. After the transformation, the mutual inductance is time independent. A control-oriented linearized model accounting for the dynamic cross-saturation effect is given in [23] which is more accurate than a simple model that assumes the mutual inductance to be constant. However, at the self-excitation boundary, the mutual inductance M is located at the critical point of the linear region and the saturation region, the simplified model and the model accounting for the dynamic cross-saturation tend to be consistent here. The objective of this paper is to predict the load capacity of self-excited induction generators, i.e., the analysis in this paper is carried out on the self-excitation boundary of the self-excited induction generator. Therefore, the simplified model is adopted in this paper. Figure  3 shows the stator stationary reference-frame α-β axis transient equivalent circuits of a self-excited induction generator with load. employing the Routh criterion to analyze the behavior of self-excited induction generators, and the conclusions are presented in Section 6. Figure 1 shows a simple self-excited induction generator-based isolated power system. The system has been built up with a 2.2 kW, Y connection, 380 V, 5 A, 50 Hz, and 4 poles self-excited induction generator which is driven by a DC motor model zft132. Both theoretical analysis and experiments are carried out on the basis of this system. The analysis of the self-excited induction generator with load is based on the transient equivalent circuit. The mutual inductance between stator and rotor is time-varying in Cartesian coordinates, due to the fact that it is a function of rotor speed. Therefore, the Clarke transform is applied to eliminate the time variation of mutual inductance in transient analysis. After the transformation, the mutual inductance is time independent. A control-oriented linearized model accounting for the dynamic cross-saturation effect is given in [23] which is more accurate than a simple model that assumes the mutual inductance to be constant. However, at the self-excitation boundary, the mutual inductance M is located at the critical point of the linear region and the saturation region, the simplified model and the model accounting for the dynamic cross-saturation tend to be consistent here. The objective of this paper is to predict the load capacity of self-excited induction generators, i.e., the analysis in this paper is carried out on the self-excitation boundary of the self-excited induction generator. Therefore, the simplified model is adopted in this paper. Figure  3 shows the stator stationary reference-frame α-β axis transient equivalent circuits of a self-excited induction generator with load. The analysis of the self-excited induction generator with load is based on the transient equivalent circuit. The mutual inductance between stator and rotor is time-varying in Cartesian coordinates, due to the fact that it is a function of rotor speed. Therefore, the Clarke transform is applied to eliminate the time variation of mutual inductance in transient analysis. After the transformation, the mutual inductance is time independent. A control-oriented linearized model accounting for the dynamic cross-saturation effect is given in [23] which is more accurate than a simple model that assumes the mutual inductance to be constant. However, at the self-excitation boundary, the mutual inductance M is located at the critical point of the linear region and the saturation region, the simplified model and the model accounting for the dynamic cross-saturation tend to be consistent here. The objective of this paper is to predict the load capacity of self-excited induction generators, i.e., the analysis in this paper is carried out on the self-excitation boundary of the self-excited induction generator. Therefore, the simplified model is adopted in this paper. Figure 3 shows the stator stationary reference-frame α-β axis transient equivalent circuits of a self-excited induction generator with load. are the referred values of rotor resistance and rotor leakage inductance, Ψ ' rα and Ψ ' rβ are the referred rotor-side flux linkages, M is the mutual inductance, C is excitation capacitance, and ω is the rotor speed. isα and isβ are the stator currents, i ' rα and i ' rβ are the referred values of the rotor currents, usα and usβ are the excitation capacitance voltages, and iLα and iLβ are the load currents, respectively. R is the load resistance and L is load inductance. The positive direction of the variables is also shown in Figure 3 . 
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Substituting (3) into (2) to eliminate the rotor flux, the voltage equations of stator and rotor are arranged as (4) . 
In (4), Lms = Ls + M is the stator inductance and L ' mr = L ' r + M is the referred rotor inductance. The current and voltage equations of the excitation capacitance can be given as: In Figure 3 , R s and L s are the stator resistance and leakage inductance, respectively, R r and L r are the referred values of rotor resistance and rotor leakage inductance, Ψ rα and Ψ rβ are the referred rotor-side flux linkages, M is the mutual inductance, C is excitation capacitance, and ω is the rotor speed. i sα and i sβ are the stator currents, i rα and i rβ are the referred values of the rotor currents, u sα and u sβ are the excitation capacitance voltages, and i Lα and i Lβ are the load currents, respectively. R is the load resistance and L is load inductance. The positive direction of the variables is also shown in Figure 3 .
The electromagnetic state equations of the self-excited induction generator can be obtained based on Figure 3 using Kirchhoff's laws [31] : (1) shows the stator voltage equations, (2) shows the rotor voltage equations, and (3) is the rotor flux equation.
Substituting (3) into (2) to eliminate the rotor flux, the voltage equations of stator and rotor are arranged as (4) .
In (4), L ms = L s + M is the stator inductance and L mr = L r + M is the referred rotor inductance. The current and voltage equations of the excitation capacitance can be given as:
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While those of the load are:
Define a state vector: x T = i sα , i rα , u sα , i Lα , i sβ , i rβ , u sβ , i Lβ , the state matrix of the self-excited induction generator can be obtained from (4) to (6) , the detailed form of which is shown in Appendix A, and can be written concisely as:
Therefore, the characteristic polynomial of the state matrix A is:
I is an identity matrix with the same order as the state matrix.
The Routh Criterion for Predicting Self-Excited Induction Generator Load Capacity
The first step in applying the Routh criterion is to write the Routh table according to the coefficients of the characteristic polynomial. The characteristic polynomial of the self-excited induction generator-based isolated power system is an eight-order equation. Since this is a high-order system, the recursive Routh table is used to reduce the complexity and workload, shown in Table 1 . Table 1 . Recursive Routh table of the self-excited induction generator-based isolated power system.
Each row starting from the third one is computed from its two preceding rows as:
Here i is the row number, which goes from 1 to 9, and j is the column number, which goes from 1 to 5.
When computing the last element of certain row of the recursive Routh table, one may find that the preceding row is one element short of what is needed. For example, when a n 0 is computed, a n−1 2 is needed, but a n−1 2 is not an element of the recursive Routh table. In that case, the preceding row can be simply augmented by a zero in the end to keep the computation going.
According to the Routh stability criterion, the necessary and sufficient condition for the stability of linear systems is that the elements of the first column in the recursive Routh table are all positive, otherwise the system is unstable [32] .
In system theory, stability refers to whether the system can recover to the original equilibrium state with certain accuracy after the disturbance disappears [33] . If the disturbance disappears and the Energies 2019, 12, 3953 6 of 16 system can gradually return to its original equilibrium state, then the system is stable, otherwise the system is unstable.
The normal power generation operating mode of self-excited induction generators is a critically stable state where its output voltage is sinusoidal with constant amplitude.
From the analysis, it can be concluded that when self-excited induction generators supply power normally, with respect to the Routh criterion, the first column of the recursive Routh table, that is a n 0 (n = 0, 1 . . . , 8) in Table I , should have at least one element less than zero. As the load increases, when its impedance reaches a certain value, the system is in a critical state between instability and stability. Beyond this working point, the load exceeds the load capacity of the self-excited induction generator, that is to say the load impedance is less than the critical one, elements of the column a n 0 are all positive, and the output voltage of the self-excited induction generator decreases to zero rapidly. The system collapses and returns to its initial stable state. The load impedance at which the system is in a critical state between instability and stability, in other words, a n 0 (n = 0, 1 . . . , 8) in Table I changes from being not all positive to completely positive, is the maximum load the self-excited induction generator can carry.
According to the characteristics of self-excited induction generator parameters, it is obvious that a 0 , a 1 , and a 8 , which are the first, second, and ninth row of the recursive Routh table's first column, are always positive. The proof process is as follows.
Therefore, the condition to estimate the critical load is simplified to determine the point at which the elements from a 2 0 to a 7 0 in the recursive Routh table's first column change to be completely positive. When the self-excited induction generator parameters are given, the elements of the recursive Routh table are only affected by the excitation capacitance, the rotor speed, and the load. Keeping the excitation capacitance and rotor speed constant, the critical load can be found through the state change of the system. The load impedance increases from a small value until any of a 2 0 , a 3 0 , a 4 0 , a 5 0 , a 6 0 , or a 7 0 changes from positive to negative. The load impedance at that state is the critical load of the self-excited induction generator.
Theoretical Calculation
The parameters of the self-excited induction generator used in this paper are listed in Table 2 . The mutual inductance M, which corresponds to the magnetizing current of the induction generator i m through the no-load magnetization curve, is obtained from a synchronous no-load experiment. The magnetizing current of the induction generator i m is the sum of the stator current and the rotor current. The amplitude of i m is as follows:
When i m is small, the self-excited induction generator operates in the unsaturated flux region and M is constant. When i m is larger than a certain value, the self-excited induction generator operates in the saturated region. In the saturated region, M decreases rapidly with the increase of i m .
During the dynamic simulation and the analysis of the self-excited induction generator, a piece wise function which is shown by (13) is used to express the relationship between M and i m . In this paper, as mentioned in Section 2, the analysis is carried out on the self-excitation boundary of the self-excited induction generator. Therefore, the unsaturated value M = 0.3754 which can only be used for self-excitation boundary conditions computation is adopted in the subsequent computation. 
The resistance of the rotor R r is affected by temperature, speed, and other factors. Especially, the increase of temperature in the operation process will cause an increase of R r . It can be calculated that effect of rotor resistance variation on critical load is not obvious. Thus, the variation of the rotor resistance is not taken into account.
Inserting the prototype parameters into equation (7) with rotor speed n = 1500 r/min, excitation capacitance C = 35 µF, and power factor (PF) = 0.8, the characteristic polynomial of the self-excited induction generator can be obtained. Substituting the coefficients of the characteristic polynomial into Table 1 , the recursive Routh table is calculated with load impedance starting from zero. Nine elements in the first column are all positive until the load impedance is increased to 259 Ω. The calculated results are shown in Table 3 . When Z is equal to 259 Ω, the eighth element a 7 0 turns from positive to negative. According to the Routh criterion for the load capacity of self-excited induction generators, the critical load of this prototype under the above operating conditions is 259 Ω.
In the same manner, under the conditions that n = 1500 r/min, C = 37 µF, and PF = 0.7, the critical load impedance was found to be 241 Ω, as shown in Table 4 . Using the method mentioned above, when n maintains a constant value 1500 r/min, variations of the critical load impedance with the excitation capacitance under a certain PF can be calculated. As is known, for a specific rotor speed, there are critical excitation capacitance values C min and C max , and between them the self-excitation is stable. Two self-excitation boundaries related to C min and C max respectively can be obtained. The relationship between the critical load impedance and the excitation capacitance when PF = 0.8 is shown as an example. Because C max and C min differ by about two orders of magnitude, the two boundaries are shown in Figures 4 and 5 respectively for clearer display. When Z is equal to 259 Ω, the eighth element a 7 0 turns from positive to negative. According to the Routh criterion for the load capacity of self-excited induction generators, the critical load of this prototype under the above operating conditions is 259 Ω.
In the same manner, under the conditions that n = 1500 r/min, C = 37 μF, and PF = 0.7, the critical load impedance was found to be 241 Ω, as shown in Table 4 . Using the method mentioned above, when n maintains a constant value 1500 r/min, variations of the critical load impedance with the excitation capacitance under a certain PF can be calculated. As is known, for a specific rotor speed, there are critical excitation capacitance values Cmin and Cmax, and between them the self-excitation is stable. Two self-excitation boundaries related to Cmin and Cmax respectively can be obtained. The relationship between the critical load impedance and the excitation capacitance when PF = 0.8 is shown as an example. Because Cmax and Cmin differ by about two orders of magnitude, the two boundaries are shown in Figure 4 and Figure 5 respectively for clearer display. When Z is equal to 259 Ω, the eighth element a 7 0 turns from positive to negative. According to the Routh criterion for the load capacity of self-excited induction generators, the critical load of this prototype under the above operating conditions is 259 Ω.
In the same manner, under the conditions that n = 1500 r/min, C = 37 μF, and PF = 0.7, the critical load impedance was found to be 241 Ω, as shown in Table 4 . Using the method mentioned above, when n maintains a constant value 1500 r/min, variations of the critical load impedance with the excitation capacitance under a certain PF can be calculated. As is known, for a specific rotor speed, there are critical excitation capacitance values Cmin and Cmax, and between them the self-excitation is stable. Two self-excitation boundaries related to Cmin and Cmax respectively can be obtained. The relationship between the critical load impedance and the excitation capacitance when PF = 0.8 is shown as an example. Because Cmax and Cmin differ by about two orders of magnitude, the two boundaries are shown in Figure 4 and Figure 5 respectively for clearer display. From Figures 4 and 5 , it can be concluded that there exists a minimum critical load impedance corresponding to the excitation capacitance when the excitation capacitance is in the range between C min and C max . With the increase of excitation capacitance, the critical load impedance reduces. In other words, the load carrying capacity is enhanced. However, the load capacity will decrease when the excitation capacitance is too large approaching the C max .
The relationship curves between the critical load impedance and the excitation capacitance under various PF values when n = 1500 r/min are shown in Figures 6 and 7 . impedance corresponding to the excitation capacitance when the excitation capacitance is in the range between Cmin and Cmax. With the increase of excitation capacitance, the critical load impedance reduces. In other words, the load carrying capacity is enhanced. However, the load capacity will decrease when the excitation capacitance is too large approaching the Cmax.
The relationship curves between the critical load impedance and the excitation capacitance under various PF values when n = 1500 r/min are shown in Figure 6 and Figure 7 . From Figure 6 and Figure 7 , it can be concluded that in order to maintain the power generation of the self-excited induction generator, the excitation capacitance must be situated in the range between Cmin and Cmax. For a specific PF, when the excitation capacitance is larger than Cmin and much less than Cmax (as shown in Figure 6 ), increasing the excitation capacitance tends to make the critical load impedance decrease and the load capacity improve. By keeping the excitation capacitance constant, with the increase of the PF, the critical load impedance decreases. However, when the excitation capacitance increases too much approaching the Cmax, all the trends are reversed (as shown in Figure 7 ). The increase of the excitation capacitance will make the critical load impedance increase. For a certain excitation capacitance, with the increase of the PF, the critical load impedance increases too.
In Figure 6 , as the excitation capacitance decreases, the curves corresponding to different PFs all tend to the same value, below which the self-excited induction generator cannot operate with any load. This minimum excitation capacitance can be proved to be the no-load voltage build-up excitation capacitance of the generator. Similar trends can be observed in Figure 7 , all curves move towards the maximum excitation capacitance of the no-load build-up voltage when the excitation capacitance increases. impedance corresponding to the excitation capacitance when the excitation capacitance is in the range between Cmin and Cmax. With the increase of excitation capacitance, the critical load impedance reduces. In other words, the load carrying capacity is enhanced. However, the load capacity will decrease when the excitation capacitance is too large approaching the Cmax.
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In Figure 6 , as the excitation capacitance decreases, the curves corresponding to different PFs all tend to the same value, below which the self-excited induction generator cannot operate with any load. This minimum excitation capacitance can be proved to be the no-load voltage build-up excitation capacitance of the generator. Similar trends can be observed in Figure 7 , all curves move towards the maximum excitation capacitance of the no-load build-up voltage when the excitation capacitance increases.
Experimental Results
In order to verify the correctness of the method proposed in this paper, the results calculated above are tested on the platform shown in Figure 1 .
Data acquisition was carried out by a Synergy series 16-channel recorder (SynergyP16H). The sampling rate of the recorder was 200 kS/s per channel. The recorder adopted an automatic tracking anti-aliasing filter (Gauss FS/8) with a filtering cut-off frequency of 25 kHz. A SINAMICS DCM (6RA80) was adopted in the timing part. Figure 8 shows the comparison between theoretical results with experimental results when self-excited induction generator was fed resistance load. Experiments were carried out when load impedance was set to 100 Ω, 200 Ω, 400 Ω, and 500 Ω respectively.
Data acquisition was carried out by a Synergy series 16-channel recorder (SynergyP16H). The sampling rate of the recorder was 200 kS/s per channel. The recorder adopted an automatic tracking anti-aliasing filter (Gauss FS/8) with a filtering cut-off frequency of 25 kHz. A SINAMICS DCM (6RA80) was adopted in the timing part. Figure 8 shows the comparison between theoretical results with experimental results when self-excited induction generator was fed resistance load. Experiments were carried out when load impedance was set to 100 Ω, 200 Ω, 400 Ω, and 500 Ω respectively. When the self-excited induction generator was fed resistance-inductance load, for there were only 500 mH, 100 mH, and 200 mH reactors available to be used in the test, several groups of experiments were arranged as follows.
Case 1, n = 1500 r/min, load PF = 0.8.
According to the existing load inductor, the load impedance was set to 261.7 Ω (L = 500 mH, R = 209 Ω). From the calculation method proposed in Part 4, the excitation capacitance corresponding to the critical load 261.7 Ω was 34.9 μF. Due to losses during the experiment consuming energy, the actual excitation capacitance should be slightly greater than 34.9 μF. In this experiment, the initial value of excitation capacitance was set to 35.5 μF. Figure 9 shows the voltage and current waveforms of phase A respectively. When the self-excited induction generator was fed resistance-inductance load, for there were only 500 mH, 100 mH, and 200 mH reactors available to be used in the test, several groups of experiments were arranged as follows. According to the existing load inductor, the load impedance was set to 261.7 Ω (L = 500 mH, R = 209 Ω). From the calculation method proposed in Part 4, the excitation capacitance corresponding to the critical load 261.7 Ω was 34.9 µF. Due to losses during the experiment consuming energy, the actual excitation capacitance should be slightly greater than 34.9 µF. In this experiment, the initial value of excitation capacitance was set to 35.5 µF. Figure 9 shows the voltage and current waveforms of phase A respectively.
(a)
After the rotor speed of the self-excited induction generator settled at 1500 r/min, at about 5 s, a bank of three-phase excitation capacitors were engaged, and the self-excited induction generator started the voltage build-up process. This process finished at about 15 s, at which point the no-load stator terminal voltage remained at about 290 V. At about 35 s, a bank of three-phase balanced resistive-inductive loads with impedance of 261.7 Ω and PF = 0.8 were connected. The stator terminal voltage decreased rapidly and at about 52 s and the stator terminal voltage dropped to 100 V. Then, at 120 s, excitation capacitances were reduced from 35.5 µF to 35.4 µF, simultaneously, the voltage collapsed and eventually dropped to zero.
The whole experimentation lasted for more than 150 s. In order to observe the variation trend of waveforms more clearly, two segments of waveform marked in the boxes in Figure 9a are zoomed in, which are shown in Figure 10a ,b.
From this experiment, the error between calculated value and actual value can be estimated. When the critical load is 261.7 Ω and PF = 0.8, the corresponding theoretical boundary value of the excitation capacitance is 34.9 µF, and the actual experimental value is 35.5 µF. The absolute error here is 0.6 µF, and the relative error is only 1.7%. The accuracy of the method is verified.
According to the existing load inductor, the load impedance was set to 261.7 Ω (L = 500 mH, R = 209 Ω). From the calculation method proposed in Part 4, the excitation capacitance corresponding to the critical load 261.7 Ω was 34.9 μF. Due to losses during the experiment consuming energy, the actual excitation capacitance should be slightly greater than 34.9 μF. In this experiment, the initial value of excitation capacitance was set to 35.5 μF. Figure 9 shows the voltage and current waveforms of phase A respectively. The whole experimentation lasted for more than 150 s. In order to observe the variation trend of waveforms more clearly, two segments of waveform marked in the boxes in Figure 9a are zoomed in, which are shown in Figure 10a The whole experimentation lasted for more than 150 s. In order to observe the variation trend of waveforms more clearly, two segments of waveform marked in the boxes in Figure 9a are zoomed in, which are shown in Figure 10a From this experiment, the error between calculated value and actual value can be estimated. When the critical load is 261.7 Ω and PF = 0.8, the corresponding theoretical boundary value of the excitation capacitance is 34.9 μF, and the actual experimental value is 35.5 μF. The absolute error here is 0.6 μF, and the relative error is only 1.7%. The accuracy of the method is verified. The critical load impedance in this condition was calculated to be 241 Ω. Two different loads, where one is slightly larger and another was smaller than the critical load, were fed to the self-excited induction generator respectively. The experimental waveforms are shown in Figures 11 and 12 .
From Figure 11a , at 8 s, excitation capacitors were connected, and the no-load voltage build-up process finished at 15 s with C = 37 µF. The stator terminal voltage of the self-excited induction generator remained at about 300 V. At about 51 s, a bank of three-phase balanced resistive-inductive loads with 263.9 Ω impedance (L = 600 mH, R = 184.7 Ω) were connected. As this load impedance was greater than the critical load (within the permitted load range), the stator terminal voltage decreased to 146 V and then remained at this value. Figure 11b is the stator current waveform of phase A. Figure 11c is the close-up view of the waveforms in the boxes in Figure 11a . The critical load impedance in this condition was calculated to be 241 Ω. Two different loads, where one is slightly larger and another was smaller than the critical load, were fed to the self-excited induction generator respectively. The experimental waveforms are shown in Figure 11 and Figure 12 .
From Figure 11a , at 8 s, excitation capacitors were connected, and the no-load voltage build-up process finished at 15 s with C = 37 μF. The stator terminal voltage of the self-excited induction generator remained at about 300 V. At about 51 s, a bank of three-phase balanced resistive-inductive loads with 263.9 Ω impedance (L = 600 mH, R = 184.7 Ω) were connected. As this load impedance was greater than the critical load (within the permitted load range), the stator terminal voltage decreased to 146 V and then remained at this value. Figure 11b is the stator current waveform of phase A. Figure 11c is the close-up view of the waveforms in the boxes in Figure 11a . In Figure 12a , the voltage build-up process is the same as Figure 11a . The no-load voltage build-up process finished at 15 s and the stator terminal voltage was about 300 V. At about 32 s, resistive-inductive loads with 219.9 Ω impedance (L = 500 mH, R = 153.9 Ω) were added. As this load impedance was lower than the critical one, the self-excited induction generator could not carry it, and the voltage collapsed and eventually dropped to zero. Figure 12b is the stator current waveform of phase A. Figure 12c is the close-up waveforms in the boxes in Figure 12a . From the experimental results, it can be seen that when the load exceeds the critical load and the load impedance is smaller than the critical load, the stator terminal voltage collapses to zero. When the load impedance is greater than the critical load, after a short transient process, the terminal voltage drops to a lower value and the self-excited induction generator continues operating steadily. These experimental results verify the accuracy of the proposed stability analysis method.
Conclusions
The main results obtained from the research are as follows: 1. The self-excited induction generator-based isolated power system is regarded as a linear non-time-varying autonomous system at its operating point on the self-excited boundary. The Routh criterion is applied to analyze the stability of this system. 2. The load capacity of the self-excited induction generator which is expressed by critical load is considered as the analysis object. By the recursive Routh table, the critical load value of the In Figure 12a , the voltage build-up process is the same as Figure 11a . The no-load voltage build-up process finished at 15 s and the stator terminal voltage was about 300 V. At about 32 s, resistive-inductive loads with 219.9 Ω impedance (L = 500 mH, R = 153.9 Ω) were added. As this load impedance was lower than the critical one, the self-excited induction generator could not carry it, and the voltage collapsed and eventually dropped to zero. Figure 12b is the stator current waveform of phase A. Figure 12c is the close-up waveforms in the boxes in Figure 12a .
From the experimental results, it can be seen that when the load exceeds the critical load and the load impedance is smaller than the critical load, the stator terminal voltage collapses to zero. When the load impedance is greater than the critical load, after a short transient process, the terminal voltage drops to a lower value and the self-excited induction generator continues operating steadily. These experimental results verify the accuracy of the proposed stability analysis method.
The main results obtained from the research are as follows:
1.
The self-excited induction generator-based isolated power system is regarded as a linear non-time-varying autonomous system at its operating point on the self-excited boundary. The Routh criterion is applied to analyze the stability of this system.
2.
The load capacity of the self-excited induction generator which is expressed by critical load is considered as the analysis object. By the recursive Routh table, the critical load value of the self-excited induction generator is predicted. The self-excited induction generator can maintain output voltage when its load impedance value is greater than the critical one, otherwise, the output voltage of the self-excited induction generator will collapse to zero.
3.
The critical load impedance value decreases with the increase of the excitation capacitance. For a certain excitation capacitance, the larger the load power factor, the smaller the critical load impedance.
4.
Experiments verified the effectiveness and accuracy of the proposed method. The error between calculated theoretical value and experimental value is caused by losses in experiments.
Regarding future work, for stand-alone self-excited induction generator power systems, the change of rotor speed should be taken into account in its stability analysis. The model proposed in [23] will be a good choice when using the Routh criterion to analyze the whole stable operation region of self-excited induction generators in the next step.
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Appendix A
The autonomous system state matrix of the self-excited induction generator: 
